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ABSTRACT  
   
Recently, it was demonstrated that startle-evoked-movements (SEMs) are present 
during individuated finger movements (index finger abduction), but only following 
intense training. This demonstrates that changes in motor planning, which occur through 
training (motor learning - a characteristic which can provide researchers and clinicians 
with information about overall rehabilitative effectiveness), can be analyzed with SEM. 
The objective here was to determine if SEM is a sensitive enough tool for differentiating 
expertise (task solidification) in a common everyday task (typing). If proven to be true, 
SEM may then be useful during rehabilitation for time-stamping when task-specific 
expertise has occurred, and possibly even when the sufficient dosage of motor training 
(although not tested here) has been delivered following impairment. It was hypothesized 
that SEM would be present for all fingers of an expert population, but no fingers of a 
non-expert population. A total of 9 expert (75.2 ± 9.8 WPM) and 8 non-expert typists, 
(41.6 ± 8.2 WPM) with right handed dominance and with no previous neurological or 
current upper extremity impairment were evaluated. SEM was robustly present (all p < 
0.05) in all fingers of the experts (except the middle) and absent in all fingers of non-
experts except the little (although less robust). Taken together, these results indicate that 
SEM is a measurable behavioral indicator of motor learning and that it is sensitive to task 
expertise, opening it for potential clinical utility.  
  ii 
DEDICATION  
   
 I would like to dedicate this to my mom and dad for their endless love, support, 
and inspiration. You have both taught me so much and have molded me into the person I 
am today. I would also like to thank and dedicate this to my sister, brother-in-law, 
grandparents, aunts, uncles, cousins, and all my friends for their love and support 
throughout this academic journey. You all have helped pushed me forward in your own 
unique way. Finally, I would like to thank all the professors at ASU (School of Biological 
and Health Systems Engineering) who have helped me get to this point.  
  iii 
ACKNOWLEDGMENTS  
   
I would like to thank my Human Mobility Lab principal investigator, Dr. Claire F. 
Honeycutt. She has given me the freedom to work independently while at the same time 
being there for overall support, both academically and professionally. She is an 
inspiration and I am truly thankful for my time under her supervision.  
 I would also like to thank Dr. Sydney Schaefer and Dr. Marco Santello for their 
insights and overall support throughout this process. I would to thank Xi Zong for his 
help with experimental design, Maria Jose Quezada for her help with data collection and 
experimental design, and the members of Arizona State University’s Human Mobility 
Lab for their contributions and overall support. 
Finally, this study was financially supported by the ASU Fulton Undergraduate 
Research Initiative, the ASU Grand Challenge Scholars Program, and NIH Grant (R00 
HD073240). 
  iv 
TABLE OF CONTENTS  
          Page 
LIST OF FIGURES .................................................................................................................. v  
CHAPTER 
1 INTRODUCTION  ................................................................................................ 1  
2 METHODS  ............................................................................................................ 3  
IRB and Safety ......................................................................................................... 3 
Subjects .................................................................................................................... 3 
Data Acquisition ...................................................................................................... 3 
Task Description ...................................................................................................... 4 
Data Processing ....................................................................................................... 5 
Statistical Analysis................................................................................................... 6 
3 RESULTS  .............................................................................................................. 7 
4 DISCUSSION  ..................................................................................................... 10 
Summary ................................................................................................................ 10 
What Is Unique about the Middle Finger? ............................................................ 10 
      Current Challenges with Motor Learning Quantification and the Utility of  
SEM  ...................................................................................................................... 12 
Clinical Relevance ................................................................................................. 16 
Neural Structures Involved with Motor Learning ................................................ 18 
REFERENCES  ...................................................................................................................... 20 
  v 
LIST OF FIGURES 
Figure Page 
      1.       Experimental Set-up  ................................................................................................ 5 
      2.       Sample Data from the Expert and Non-expert Populations .. ................................. 7 
      3.       Startle and Non-startle Trials Are Compared Between Experts and Non-experts . 9
  1 
CHAPTER 1 
While many are familiar with the classic startle response by which a loud sound 
causes a reflexive “flinching” of the body, a lesser known phenomenon is the ability of a 
startling stimulus to evoke the involuntarily release of a planned movement – a startle-
evoked-movement (SEM- also referred to as startReact in the literature). SEM is a robust 
phenomenon observed across multiple joints (Carlsen, Chua, Inglis, Sanderson, & 
Franks, 2004b; Castellote & Valls-solé, 2015; Cressman, Carlsen, Chua, & Franks, 2006; 
Nonnekes, Oude Nijhuis, et al., 2014; Ossanna, 2017; Quezada Valladares, 2017; Wright, 
Carlsen, & MacKinnon, 2016) and patient populations: stroke (Honeycutt & Perreault, 
2012, 2014; Honeycutt, Tresch, & Perreault, 2016; Marinovic, Brauer, Hayward, Carroll, 
& Riek, 2016; Rahimi & Honeycutt, 2017), Parkinson’s Disease (Fernandez-Del-Olmo et 
al., 2013; Nonnekes, Geurts, & Oude, 2014; Nonnekes, Kam, Nijhuis, & Geel, 2015; 
Thevathasan et al., 2011), Spinal Cord Injury (Baker & Perez, 2017), Cervical Dystonia 
(Serranová et al., 2012), and Hereditary Spastic Paraplegia (Nonnekes, Oude Nijhuis, et 
al., 2014). Furthermore, SEM generates movements that are tightly regulated and scaled 
to the temporal and spatial features of a task (Maslovat, Carlsen, Chua, & Franks, 2009; 
Maslovat, Carlsen, Ishimoto, Chua, & Franks, 2008) highlighting that it is a sophisticated 
tool to evaluate the motor planning process.  
Provocatively, it was recently demonstrated that SEM may be a measurable 
behavioral indicator of motor learning. Index finger abduction – to date – is the only 
movement that has been shown to not be susceptible to SEM. This finding has been 
found by two independent groups (Carlsen, Chua, Inglis, Sanderson, & Franks, 2008; 
Honeycutt, Kharouta, & Perreault, 2013). However, after a 10-day training regimen, 
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index finger abduction becomes susceptible to SEM suggesting that SEM can distinguish 
task expertise (Kirkpatrick & Honeycutt, 2015). Still, others who have evaluated tasks 
which are inherently susceptible to SEM, specifically elbow extension, show no 
difference in the ability to elicit SEM with practice (Maslovat et al., 2009, 2008; 
Maslovat, Hodges, Chua, & Franks, 2011). Therefore, it remains unclear if SEM is 
sensitive enough to differentiate task expertise.  
The objective here was to evaluate SEM during a common task where expertise 
was easily quantified – typing. It was hypothesized that experts would show SEM in all 
fingers, while non-experts would have no SEM response. If this hypothesis is upheld, it 
would provide further evidence that SEM is a measurable behavioral indicator of motor 
learning – at least at the distal limb. Further, it would highlight that SEM, which is 
readily present during a wide array of proximal joint movements (elbow, wrist) of 
varying complexity (Marinovic & Tresilian, 2016; Maslovat, Carlsen, & Franks, 2012; 
Maslovat et al., 2011; Maslovat, Klapp, Jagacinski, & Franks, 2014), is present at the 
distal limb provided that the task is performed routinely by the individual. The following 
chapters discuss these findings with respect to how they shape the current understanding 
of how motor tasks are learned at the distal limb.  
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CHAPTER 2 
METHODS 
IRB and safety. This study was approved by Institutional Review Board 
STUDY00002440 under Arizona State University. Subjects were informed of all 
potential risks prior to participation in the study and verbal/written consent was obtained.  
 
Subjects. Seventeen neurologically unimpaired, right-handed individuals (9 Male, 
8 Female; Age: 20.7ׅ ± 0.9 years) were utilized for this study. Subjects were categorized 
as expert or non-expert typists based on the result of a three-minute typing test. The 
average number of correct words typed per minute was used to account for speed and 
accuracy. A typing speed of 60 words per minute denoted an expert typist as per the 
TypingMaster Inc. classification. An unpaired t-test confirmed that the expert population 
(75.2 ± 9.8 WPM) scored higher on the test than the non-expert population (41.6 ± 8.2 
WPM) (tstat = 7.44, P < 0.001). 
 
Data acquisition. EMG data were collected at 3000 Hz with Ag/AgCl bipolar 
surface electrodes [MVAP Medical Supplies, Newbury Park, CA], two Bortec AMT-8 
amplifiers (Bortec Biomedical Ltd., Canada), and a 16-bit data acquisition system (NI 
USB-6363, National Instrumentation, Austin, TX). The amplifiers (gain = 3000) had an 
internal bandpass filter set at 10-1000 Hz. To record finger extension and flexion, EMG 
was collected from the Abductor Pollicis Brevis (APB - thumb), Extensor Digitorium 
Communis (ED2-index, ED3- middle, ED4- ring), Extensor Digiti Minimi (EDM - little), 
and Flexor Digitorum Superficialis (F2/3- index/middle, F4-ring, F5-little) muscles using 
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protocol established in the literature for evaluating individuated finger movements 
(Leijnse, Campbell-Kyureghyan, Spektor, & Quesada, 2008). To monitor startle, the right 
and left Sternocleidomastoid (RSCM, LSCM) muscles were recorded. Ground electrodes 
were placed over the right radial and ulnar styloid process. In addition to EMG, the 
keystroke was monitored using the change in voltage from the instrumented keyboard 
(Fig 1).  
 
Task. At the beginning of each trial, the subject positioned their right hand on the 
home keys of the keyboard (i,j,k,l,;) with their wrist resting on the desk to minimize 
fatigue. Subjects were instructed to perform an individuated keystroke, of a specified key, 
following a series of auditory tones. The first tone, a soft acoustic stimulus of 80-dB, 
informed the subject to start planning the task (‘GET READY’). Between 2.5-3.5 
seconds later, the subject was provided with a ‘GO’ cue of either a soft, 80-dB (66% of 
the time) or a randomized loud, 115-dB (33% of the time) acoustic stimulus. Each subject 
completed a total of 225 trials which were evenly distributed among the five keys. The 
order of keys was randomized into blocks of 15 trials during which the subject pressed a 
single key. To compare SEM to the classic startle response, the GET READY cue was 
substituted with the 115 dB GO cue for 5 trials (i.e. one for each key), while subjects 
were not in an active state of planning.  
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Figure 1.  Experimental set-up. 
 
Data processing. EMG data were rectified and smoothed in Matlab (R2017b) 
using a 10-point moving average. Muscle latency was automatically selected using a 
custom Matlab script that selected the first instance the signal achieved greater than three 
times the standard deviation of the background activity. Background activity was defined 
as the average of a 500 ms period prior to the GO cue. This selected onset was then 
visually inspected by a researcher blinded to all independent variables. Trials in which 
the user failed to press the key, pressed multiple keys, or pressed the key too late (i.e. 
EMG latency > 300ms, keystroke latency > 350ms) were eliminated from analysis 
(4.01% of trials). Additionally, one subject was eliminated from analysis as 63% of their 
trials had keystroke onsets later than 350ms.  
SCM muscle activity was monitored to determine when a startle was present. 
Trials with activity in the SCM muscle prior to 120ms (Carlsen, Maslovat, Lam, Chua, & 
Franks, 2011) were designated Startle+ and those without activity or activity after 120ms 
were designated Startle-. SEM has occurred when the presence of startle influences 
  6 
movement onset latency. Specifically, if Startle+ trials have faster onset latencies than 
Startle- trials, SEM is present. If Startle+ trials do not differ from Startle- trials, the 
presence of startle does not influence the movement.  Each key needed to have at least 
one Startle+ and one Startle- trial to be considered for analysis. 
 
Statistical analysis. It was hypothesized that SEM would be present in expert 
typists but not in non-experts. To test this, Startle+ and Startle- onset latencies were 
compared using R statistical software (v3.4.2). A generalized linear mixed effects model 
(GLMM) that did not assume equal variance (Cohen, 1988) was utilized. Condition 
(Startle+ or Startle-) was the independent variable, and onset latencies (EMG and 
keyboard) were the dependent variables. Finally, subject was treated as a random factor. 
A confidence interval of 95% was used to classify statistical significance. To test for 
differences in the probability of startle (Count of Startle+ Trials / Count of Startle+ and 
Startle- Trials), a GLMM assuming equal variances, with population (expert and non-
expert) and finger as independent variables was executed. All data in the results section is 
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CHAPTER 3 
RESULTS 
Startle influences onset latency in experts but not in non-experts (Fig 2, sample 
data - ring finger). Both the extensor (ED4) and flexor (F4) muscles have faster onsets in 
Startle+ trials (Fig 2, black) compared to Startle- trials (grey) resulting in a faster 
keystroke depression. Conversely in non-experts, Startle+ and Startle- trials show similar 
onset latencies in both extensor and flexor muscles as well as keystroke. These results 
suggest that the presence of startle influences typing movements in experts but not non-
experts.  
 
Figure 2. Sample data from the expert and non-expert populations. EMG and keystroke 
data for sample Startle+(black) and Startle-(gray) trials (ring finger) for an expert(top) 
and non-expert(bottom) typist. Earlier activation of the Startle+ trial indicates a SEM 
response (top). 
  8 
Group results confirm that the presence of startle influences typing movements in 
experts (except in the middle finger) indicating that SEM is present in this population 
(Fig 3). In experts, the onset latency of Startle+ trials was faster than Startle- trials in the 
thumb (APB: Δ = 9.11, P = 0.041, Keystroke: Δ = 13.98, P = 0.0004), index finger (ED2: 
Δ =14.01, P = 0.016; F2: Δ = 10.46, P = 0.013; Keystroke: Δ =11.86, P = 0.004), ring 
finger (ED4: Δ = 30.66, P = 0.005; F4: Δ = 17.62, P = 0.0047; Keystroke: Δ =19.61, P = 
0.011), and the little finger (EDM: Δ = 21.02, P = 0.002; F5: Δ = 18.06, P = 0.0034; 
Keystroke: Δ = 16.39, P = 0.0007). However, Startle+ and Startle- onset latencies were 
not different in the middle finger (ED3: Δ = -2.34, P = 0.97; F3: Δ = 1.55, P = 0.79 
Keystroke: Δ = 0.79, P = 0.63).  
While startle influenced most fingers in experts, startle only influenced onset 
latencies of the little finger (and not robustly) in non-experts (Fig 3). Onset latencies of 
Startle+ trials were not different from Startle- trials in the thumb (APB: Δ = -0.13, P = 
0.42; Keystroke: Δ = 9.99, P = 0.094), index (ED2: Δ = 10.30, P = 0.295; F2: Δ = 3.58, P 
= 0.204; Keystroke: Δ = 7.40, P = 0.30), middle (ED3: Δ = 10.61, P = 0.26; F3: Δ = 5.39, 
P = 0.24; Keystroke: Δ = 4.28, P = 0.43), and ring (ED4: Δ = -3.06, P = 0.46; F4: Δ = -
2.00, P = 0.32; Keystroke: Δ = -5.37, P = 0.10). Startle+ and Startle- onset latencies were 
different for the little finger in the keystroke (Δ = 12.94, P = 0.03), but did not reach 
significance in the muscle responses (EDM: Δ = 15.75, P = 0.07; F5: Δ = 12.55, P = 
0.23) indicating that SEM is present but not as robustly as experts.  
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Figure 3. Startle+ and Startle- trials are compared between experts and non-experts. 
Onset Latency of the keystroke (solid black) as well as extensor (dashed black) and flexor 
(dashed gray) muscles in experts (top) and non-experts (bottom) are displayed for 
Startle+(right) and Startle-(left) trials. Stars represent a difference between Startle+ and 
Startle- (* = P < 0.05, ** = P < 0.01, and *** P< 0.001) indicating that the movement 
was susceptible to SEM.   
 
Differences associated with startle between experts and non-experts were not the 
result of differences in the probability of startle. The probability of evoking startle was 
not statistically between populations (F1,75 = 0.01, P = 0.92) or between fingers (F4,75 = 
0.44, P = 0.78). Additionally, there was no difference in interaction between fingers and 
population (F4,75 = 0.13, P = 0.97). The probability of startle for the expert and non-expert 
populations, when averaged between fingers, were 34.97 ± 4.93% and 36.62 ± 4.65% 
respectively.  Finally, SEM distinguishes itself from the classic startle response. Of the 89 
classic startle trials presented, only 9 exhibited a Startle+ response in the SCM muscle. 
Of those trials none exhibited movements that resembled SEM or startle (keystroke 
latencies < 170ms) in the monitored muscles of the distal limb. 
 
  10 
CHAPTER 4 
DISCUSSION 
Summary. The objective of this study was to determine if SEM was sensitive 
enough to differentiate task expertise during a common everyday task – typing. It was 
hypothesized that SEM would be observed for all fingers of the expert population and 
none for the non-expert population. Indeed, it was found that SEM was robustly present 
in all fingers of experts (except the middle) and absent in all fingers of non-experts 
(except the little – though not robustly present). Taken together, these results indicate that 
SEM is a measurable behavior indicator of motor learning that is sensitive to task 
expertise. Further, while some have suggested that individuated finger movements were 
not susceptible to SEM, this work indicates that SEM is present during sophisticated and 
individuated movements of the hands provided that they are routinely performed. This 
provides the framework for future studies to analyze SEMs validity as a cost-effective, 
quick, and easily obtained measure for determining a performance plateau through 
training. This may prove to be useful during rehabilitation as it can be easily incorporated 
into current rehabilitative regimes, and may even be useful for time-stamping when the 
sufficient dosage of motor training has been delivered following impairment. 
 
What is unique about the middle finger? An interesting, and initially surprising 
result, was the absence of SEM in the middle finger of experts. While SEM is robustly 
present across all other fingers in experts, the middle finger showed no evidence. This 
absence of SEM may correspond to its individuation relative to other digits. Specifically, 
the middle and ring fingers of the hand have the least individuation. There are 36 muscles 
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used for manipulation of the thumb and fingers (5 digits), all of which act synergistically 
(Santello, Baud-Bovy, & Jörntell, 2013) in coordinated neuromuscular patterns (Schieber 
& Santello, 2004). This synergistic activation leads to a coupling of fingers when trying 
to perform individuated movements (Fish & Soechting, 1992; Hager-Ross & Schieber, 
2000). For example, when attempting to flex a single finger, without movement of the 
others, movement of the adjacent fingers can be easily observed. The thumb and index 
finger have the greatest amount of individuation while the middle and ring have the 
lowest (Hager-Ross & Schieber, 2000).  
The middle finger’s low degree of independence during individuated typing 
movements may explain its lack of susceptibility to SEM. In right handed subjects, the 
magnitude of independence of the fingers does not differ between hands (Hager-Ross & 
Schieber, 2000). In other words, the neural control of the dominant hand (‘trained’) does 
not differ enough from that of the non-dominant hand (‘less trained’) to alter 
independence of the fingers. Therefore, one could infer that the lower degree of 
individuation for the middle and ring fingers is likely due to overall differences in neural 
control, and/or differences in the biomechanical interconnections (muscles and tendons) 
used for movement of these fingers (Hager-Ross & Schieber, 2000).  Further, this lesser 
degree of individualization could lead one to believe that movements of the middle finger 
may utilize a more complex neuromuscular strategy, thereby leading to a lesser, or lack 
of, susceptibility to SEM. Unfortunately, this theory alone does not explain the robust 
SEM observed for the expert ring finger, however, the ring finger’s overlapping neural 
correlates with the little finger may explain this anomaly (Hager-Ross & Schieber, 2000). 
Specifically, the little finger has demonstrated robust SEM in experts – and even SEM in 
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non-experts (although less robust). Therefore, the neuromuscular control of the little 
finger may also correspond to movement of the ring finger, potentially explaining the 
ring finger’s susceptibility to SEM. 
 
Current challenges with motor learning quantification and the utility of 
SEM. The analysis of motor learning, a process in which an individual improves at a task 
both spatially and temporally (Willingham, 1998), can provide researchers and clinicians 
alike with valuable feedback about rehabilitative effectiveness. A simple example of the 
motor learning process is the transition from a novice to an expert typist. As one trains, it 
no longer becomes difficult to type new and unique sentences with a high level of 
performance – measured by increased speed and decreased error (Chapman, 1919; Hill, 
1934; Hill, Rejall, & Thorndike, 1913). However, it is often difficult to determine when 
the effects of motor learning reach plateau (i.e. when a task has been fully solidified 
through training) - a parameter which may be of interest to clinicians for determining 
when the proper dosage of task-specific training has been delivered to their patients. 
Specifically, this parameter (rehabilitative plateau) is important as patients are known to 
benefit from increasing the dosage of motor training - for a review see (Lang, Lohse, & 
Birkenmeier, 2015). Still, determining when rehabilitation training has reached its plateau 
remains unclear, with no established (adequate) method to quantify when to halt therapy. 
 One confounding factor is that people learn at different rates. For example, 
multiple groups have successfully quantified improvements in typing speed over time 
(Chapman, 1919; Hill, 1934; Hill et al., 1913), however a variety of learning curves, 
characterized by speed and accuracy, were observed (Chapman, 1919). Indeed, many 
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individuals do not reach a plateau in performance after a substantial 180 hours of training 
(Chapman, 1919). Despite these difficulties, previous studies have tried to adequately 
quantify motor learning using characteristics such as: neurological changes in gray 
(Cannonieri, Bonilha, Fernandes, Cendes, & Li, 2007; Draganski et al., 2004; Driemeyer, 
Boyke, Gaser, Buchel, & May, 2008; Gaser & Schlaug, 2003) and white matter (Scholz, 
Klein, Behrens, & Johansen-berg, 2010; Taubert et al., 2010) regions of the brain, long-
term task retention (Hill, 1934; Park, Dijkstra, & Sternad, 2013; Swift, 1905), and 
behavioral improvements in task performance. Unfortunately, these methods tend to be 
too expensive (neural imaging), too time consuming (long term-retention studies), and/or 
do not provide enough evidence that the task has been fully solidified (behavioral 
characteristics – further discussed below) to be effectively utilized in the clinic. 
Interestingly, behavioral improvements are commonly used to quantify rehabilitative 
success as they are easy to implement in the clinic, although they cannot easily determine 
when improvements have plateaued (Boissy, Bourbonnais, Carlotti, Gravel, & Arsenault, 
1999; Lin et al., 2009). Specifically, measures such as grip strength, which are commonly 
used to quantify improvement during rehabilitation, (Sunderland, Tinson, Bradley, & 
Hewer, 1989) and have demonstrated a positive correlation with upper extremity function 
in chronic stroke survivors (Fugl-Meyer, upper extremity performance test for the elderly 
– TEMPA, etc.) (Boissy et al., 1999), do not necessarily correspond to a task specific 
plateau, rather to more generalize functional improvement.  Additionally, when using 
clinical metrics such as the Action Research Arm Test to determine generalized 
functional improvements, a ceiling effect is often encountered (Lin et al., 2009) before 
the individual has reached a high level of expertise. These limitations for determining the 
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time point in which the maximum benefits of task-specific training occur, demonstrate 
the occasional need for more complex metrics, such as the speed accuracy trade-off 
function (Fitts, 1954). Although these metrics provide useful information about a 
person’s overall level of functioning, they do not always provide the information needed 
to assess internalized motor learning without pairing them with neural imaging or long-
term task retention. Due to these limitations in current measures of motor learning, new 
methods that can be easily and quickly implemented (like behavioral measures), but 
provide concrete detail about motor learning (like neural imaging), are critical for 
researchers and clinicians alike.   
Recently, studies have started to fill this void by using the simple reaction time 
(RT) paradigm; however, these studies do not predict when a learning plateau occurs. 
More specifically, these studies are commonly focused on generalized changes in motor 
planning for tasks of varying complexity, (Eriksen, Pollack, & Montague, 1970; Henry & 
Rogers, 1960; Klapp, 1971, 1995, 2003; Klapp, Anderson, & Berrian, 1973; Sternberg, 
Monsell, Knoll, & Wright, 1978) rather than distinguishing overall expertise or a plateau 
in RT. Although these studies have provided insight into how individuals plan for task 
execution (motor drum theory – Henry and Rogers; motor chunking – Klapp), a more 
encouraging, and recent method for determining rehabilitative plateau is the pairing of 
simple RT with startle (SEM paradigm).  
SEMs can store and release functionally improved motor programs through 
training (Maslovat et al., 2009, 2008). This opens this experimental paradigm for use in 
testing the quality of motor planning through training - a character which is necessary for 
analysis of rehabilitative plateaus in the clinic. Specifically, Maslovat et. al. demonstrated 
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shortened RTs in startle trials after training, relative to startle trials before training 
(Maslovat et al., 2012, 2011), but more importantly, improvements in the functional 
movement were maintained (Maslovat et al., 2009, 2008).  As one trains and improves 
(increased endpoint accuracy and movement time) in a complex asymmetrical bimanual 
task, both voluntary and startle trials demonstrate the improvements (Maslovat et al., 
2008). Additionally, with training of asynchronous bimanual movements, where the 
subject was informed to move one arm 100 ms earlier than the other, subjects were able 
to improve their goal in both startle and voluntary trials (Maslovat et al., 2009). This 
further demonstrates that SEMs are internalized functional motor programs as they 
maintain the behavioral improvements which occur through training. All together, these 
studies demonstrate that SEM may be a useful tool for analyzing the quality of motor 
learning, however have not yet demonstrated SEMs ability to distinguish differences in 
expertise, or more importantly, to determine a plateau in recovery. 
 Recently, Kirkpatrick et. al demonstrated that index finger abduction, a task 
which is not inherently susceptible to SEM (Carlsen et al., 2008; Honeycutt et al., 2013), 
is susceptible, but only following a 10-day training paradigm (Kirkpatrick & Honeycutt, 
2015). This introduced the idea that SEM may be able to distinguish differences in motor 
planning through training, however it was still uncertain as to how this translates to a task 
that is more commonly executed in day-to-day life. This was expanded upon here by 
demonstrating that SEM is a sensitive enough tool for differentiating motor learning 
between populations (Fig. 3), or in other words, long-term task solidification (expertise) 
in a common everyday task - typing. With this knowledge, SEM can be utilized by many 
different groups, such as those testing a new rehabilitative strategy or those drawing 
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general inferences about motor learning. Additionally, because the SEM paradigm is 
cost-effective, easily implemented, and non-invasive, it is a promising tool for clinical 
implementation. Specifically, future studies can look at the ability for SEM to time-stamp 
when a rehabilitative plateau has occurred, or more specifically, when SEM is observed 
on a motor learning curve. With this knowledge, SEM could then be used to quantify 
when the proper dosage of task specific training has been delivered to a patient.  
 
Clinical relevance. Previously, it has been stated that individuated finger 
movements are not susceptible to SEM (Carlsen et al., 2008; Honeycutt et al., 2013). It 
has been suggested that this was due to differences in neural structures utilized to perform 
tasks at the distal limb; however, this work suggests that the lack of SEM in index finger 
abduction is related to task expertise. Therefore, all movements, even dexterous 
movements of the hand, may prove to be susceptible to SEM given that the motor plan 
necessary to complete the movement has been fully internalized. Interestingly, impaired 
movements have shown to be facilitated by startle, opening the possibility for SEM as a 
rehabilitative technique. 
 Over the past decade, SEM has shown utility in a variety of patient populations 
including stroke, Parkinson’s Disease (PD), spinal cord injury (SCI), Cervical Dystonia, 
and Hereditary Spastic Paraplegia (HSP). Specifically, starting in 2012, Honeycutt et. al 
demonstrated that stroke survivors, who had initially later RTs than an unimpaired 
control group (ballistic elbow flexion/extension), were able to move with EMG onset 
latencies resembling the unimpaired population through SEM (Honeycutt & Perreault, 
2012, 2014). Interestingly, the overall functional movement (movement onset and 
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movement accuracy) of stroke survivors (hand, elbow, and shoulder) has shown to be 
facilitated by SEM (Honeycutt & Perreault, 2012, 2014; Marinovic et al., 2016; Rahimi 
& Honeycutt, 2017) demonstrating its potential utility as a rehabilitative technique. To 
expand upon this, SEM has now been tested across various populations and movements: 
ankle dorsiflexion and wrist flexion were susceptible to SEM in those with HSP 
(Nonnekes, Oude Nijhuis, et al., 2014), power grips in those with SCI (Baker & Perez, 
2017), and neck rotations in those with Cervical Dystonia (Serranová et al., 2012). 
Additionally, SEM has been able to differentiate those with freezing of gait from those 
with postural instability in PD (Nonnekes, Geurts, et al., 2014; Nonnekes et al., 2015), 
demonstrating the wide-ranging possibilities for utility of SEMs in patient populations.  
Until recently (Kirkpatrick & Honeycutt, 2015; Quezada Valladares, 2017), 
movements of the fingers have been thought to lack SEM susceptibility (Carlsen et al., 
2008; Honeycutt et al., 2013). It was demonstrated here that individuated finger 
movements are susceptible to SEM so long as they have been trained, opening SEM to 
therapy of a wider variety of movements.  
 Finally, it was demonstrated that SEM can identify overall task solidification as it 
is sensitive enough to distinguish expert typists from non-experts. When pairing this 
knowledge with the work by Kirkpatrick et. al – SEM can distinguish changes in motor 
planning through training – and the work by Maslovat et. al – SEMs are the storage of 
sophisticated motor plans that maintain functional improvements that occur with training 
– it is suggested that SEM is a tool that can assess the effectiveness of rehabilitation and 
task specific movement training. Specifically, it can be used to determine when a task has 
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been solidified and possibly, in the future, when a rehabilitative plateau has likely been 
achieved. 
 
Neural structures involved with motor learning. Task solidification and motor 
learning involves multiple layers of the nervous system. Multiple studies have analyzed 
neural differences following training (juggling and typing) and have found changes in 
gray (Cannonieri et al., 2007; Draganski et al., 2004; Driemeyer et al., 2008) and white 
(Scholz et al., 2010; Taubert et al., 2010) matter regions of the brain. Additionally, other 
studies have analyzed neurological differences between expert and non-expert musicians 
(musical keyboard) (Gaser & Schlaug, 2003; Hutchinson, Lee, Gaab, & Schlaug, 2018; 
Lee, Chen, & Schlaug, 2003; Schlaug, Jäncke, Huang, Staiger, & Steinmetz, 1995; 
Schmithorst & Wilke, 2002) and have also found differences associated with expertise in 
cortical regions (Gaser & Schlaug, 2003), subcortical regions (Lee et al., 2003; Schlaug 
et al., 1995; Schmithorst & Wilke, 2002), and cerebellar regions (Hutchinson et al., 2018; 
Schmithorst & Wilke, 2002) of the brain, suggesting that the cortex and the sub-cortex 
are likely both involved with motor learning.  
Interestingly, classic startle is known to be mediated by the brainstem, while 
utilizing the reticulospinal tract for its reflexive and defensive response (Landis & Hunt, 
1939). Thereby, it has been suggested that SEM is driven through the same pathways as 
classic startle (Valls-Solé, Rothwell, Goulart, Cossu, & Muñoz, 1999), however, 
brainstem involvement during human motor planning/learning has been greatly 
understudied. Therefore, the validity of this hypothesis, that SEM is driven by the 
brainstem, (Valls-Solé et al., 1999) remains unclear. More specifically, some suggest that 
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SEM is driven by the reticulospinal tract, through the brainstem (Carlsen, 2002; Carlsen, 
Chua, Inglis, Sanderson, & Franks, 2004a; Carlsen et al., 2004b; Nonnekes, Oude 
Nijhuis, et al., 2014; Valls-Solé et al., 1999), while others suggest that SEM is driven by 
the cortex (Alibiglou & MacKinnon, 2012; Marinovic, Tresilian, de Rugy, Sidhu, & 
Riek, 2014; Stevenson et al., 2014), but may be mediated through pathways arising from 
subcortical regions allowing for the shortened RT. Although this study does not solve the 
ongoing debate, it suggests that the neurological changes, which occur through training, 
interact with or overlap with those involved during SEM. Therefore, in the future, SEM 
will likely prove to be a useful tool for analyzing neurological changes that occur through 
training.    
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